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ABSTRACT

Triaxial conpression and extension experinments have been run on rock-
salt sanples fromthree Strategi c Petrol eum Reserve (SPR) dones. Seventeen
quasi-static tests were | oaded at nean stress rates of .66-1.04 psi/sec
(4.5-7.2 kPa/sec), confining pressures of 14,5-2000 psi (0.1-13.8 MPa) and
t enper at ures of 22-100°c, Eleven of the test speci mens were from Bryan
Mound, Texas, and three each were from Bayou Choctaw, Louisiana, and West
Hackberry, Loui siana.

In general, the resulting nechanical data fromthe three domes are
sinilar, and they are consistent with previously published data. Utimate
sanple strengths are directly related to confining pressure (least principa
stress) and indirectly related to tenmperature, while ductility increases

with both pressure and tenperature.

* This work was supported by the U S. Departnent of Energy (DOE) under
Cont r act DE-ACOL-76-DP00T39.

A U S DCE Facility.
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QUASI - STATI C ROCK MECHANI CS DATA FOR ROCKSALT FROM
THREE STRATEG C PETROLEUMRESERVE DOMES

Ronald H Price, Wlfgang R Wawersik, David W Hannum & Jeffrey A Zirzow
Sandi a National Laboratories
Al buquer que, New Mexico 87185

| NTRODUCTI ON

The U S. Strategic Petrol eum Reserve (SPR) programis actively
storing crude oil within salt domes along the Texas-Louisiana coastline.
Mechani cal properties on rocksalt are needed to aid in the design and
certification of the storage caverns. In the |atest series of short-term
deformation experinents, seventeen sanples fromthree separate SPR dones
were tested under quasi-static |oading conditions. These tests on Bayou
Choctaw, Bryan Mound and West Hackberry core were designed to eval uate
the effects of changes in confining pressure, tenperature and | oading
condi tions on nechani cal behavior as a part of a long-range effort to
(1) establish the mechanical response of rocksalt fromdifferent SPR
sites and (2) assess the fracture potential of rocksalt within the walls

of the storage caverns

SITE AND SAMPLE PREPARATI ON

Cenera

Bayou Choctaw, Bryan Mund, and West Hackberry donmes are all diapiric
structures formed from Jurassic salt rising into the Cenezoic sedi mentary
units of the Texas-Louisiana coastline along the Qulf of Mxico. The
sanpl es used in mechanical testing are fromraw core approximtely & in

(10.2 em)in dianeter taken during drilling at potential cavern sites.
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Bayou Choct aw ( BC)

- The Bayou Choctaw dome is |ocated in Iberville Parish in south-central
Louisiana. The large piercement structure is almost circular in horizontal
cross-section. The three BC cores tested were from depths 2576-2581 ft
(785.1-786.7 M) in drillhole 19A. Al of the sanples contained nmedium
nean grain sizes of .31-.59 in (8-15 m wth |ow standard deviations of
.16-.281in (4-7m). Athough no chem cal and mneral ogical sanple data .
were available, the sanples appeared to be primarily (>90%) halite
(sodium chloride)with the predomnant inpurity probably being anhydrite.
No preferential orientations of elongated grains or inpurities were ob-
served within any of these particular rocksalt Speci mens.

Bryan Mund (BM

The Bryan Mund dome occurs within Brazoria County, Texas, one half
nile fromthe coast of the Qulf of Mexico. This structure is also quite . .
circular, with a relatively flat top at an approxi mate depth of 1100 ft
(335 m). Experinental sanples were obtained fromthe three driliholes
107¢ (1 sanple), 110a (6) and 110B (&), at depth intervals of 2512 £t
(756.6 n), 2683.5-2692 ft (817.9-820.5 n) and 3723-3728 ft (1135-1136 nj,
respectively. Gain sizes varied between .039 in (1 mj and 1.7 in (43 mm)
with an overall mean grain size of approximately .33 in (8.5 mm). Three
sanpl es (110A/2688.5, 110A/2692, 110B/3724) exhi bi t ed di stinct col or
banding at very |low angles to the specimen axes (i.e., approxi mately
vertical). These dark and |ight gray anisotropies reflect variations in
I pur i tycontentl; M neral ogi cal data fromBMadrillholes 107A, 107C,
1088 and 109B reflect a halite content of at |east 93%, with anhydrite

as the domnant inpurity (< 6%)1.



West Hackberry (WH)

West Hackberry dome is an irregularly shaped diapir |ocated in Cameron
Parish in southwestern Louisiana. The three WH test sanples were fromthe
depth interval 2290-2294 ft (698.0-699.2 n) in drillhole 108. Large
variations in grain sizes (range: € .039-2.6in; < 1-65 nm) were observed
in all samples. No mineralogical data fromthese sanples were avail abl e;
however, these cores were the darkest of the cores tested, probably
reflecting a higher concentration of inpurities (perhaps up to 10% anhydrite).

There were no preferred orientations of grains or inpurities noted.

EXPERIMENTAL TECHNIQUES

Sanpl e Preparation

AU tests were performed on right circular cylinders. Raw cores
were cut to an approximate length of 7.25-8.25 in (18.4-21.0 cn) on a
band saw, then experinental sanples were nachined to desired dianeter
(conpression sanples: 3.50r 4.0 in (8.9 or 10 em); extension sanpl es
3.5in (8.9 cn) and a length ot 7.0-8.0 in (18-20 cn). The speci nen

enas were machi ned tlet and parallel towitnin + 0.001 in (+.025 ).

The cores were turned using a tungsten carbide braze tool, Carbol oy AX-~,
Type 883. By using this technique, sanples were obtained with sharp edges
and m nimal chipping or plucking of grains.

Prior to testing, all specinens were coated with a .01-.02 in (.25-.5 nm)
thick layer of RTV silastic (RTV 108) to fill small surface pits. Each
sanpl e was then placed between vented steel end-caps and enclosed in a
flexible jacket of Viton or Neoprene.

Testing Apparatus and Procedures

Al'l nechanical tests were conducted on two identical triaxial apparatus2

that are designed for quasi-static and creep experiments both in triaxia
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conpression (g, >0, = 3) and trisxial extension (o =0, 7 03). These
machi nes are capable of testing sanples of up to 4.0 in (10.8 cn) in
diameter end 8.25 in (21.0 em) in length, at confining pressures up to
10.0 kpsi (69.0 MPa) and t enperat ures up to 250°C.

Axial forces were generated by a cylindrical, hydraulic rsm and
measured by an external load cell. F| ui dpr essur ewas applied using
silicone fluid and was monitored with standard transducers. Axial deforma-
tion of the sanple was determned with two diametrically opposed LVDT's
(linear variable differential transforners), by subtracting out 'the calibrated
systemdeformations within the active gauge | ength. .Lateral def ormation
was determned by means of one disk gauge3 nmounted at the central dianeter
al ong t he speci men axi s or measured dilatometrically. A detail ed di s-
cussion of the techniques and data reduction procedures is given in an
earlier reportu.

Once the sanples were jacketed and placed in.the vessel, the experi-
mental sequence. wasinitiated. For elevated tenperature/pressure tests a
hydrostatic confining pressure of 500 psi.(3.4 MPa) was applied to the
sanpl e while the sanple-vessel system was heated. \Wen the appropriate
test tenperature was reached, the fluid pressure was changed to the
desired experinental level. The deviatoric stress |oading was then
started by increasing either (1) the axial stress in a conpression test
or (2) the fluid pressure in an extension test. The |oading paths were
not smooth ranps, but a series of fast (C2 sec) |oading steps followed
by four mnutes of constant load. For every test, the initial stress
increments were 250 psi (1.7 MPa). This | o0ading technique resulted in
aninitial stress rate of 1.0k psi/sec (7.17 kpa/sec). Decreases in the
stress rates of conpression tests were caused by increases in specinen

area with radial sanple strain.



EXPERIMENTAL RESULTS

Test Conditions

The seventeen mechanical tests in this series included triaxial com
pressi on and extension experinents at nean stress rates of .66-1.0k psi/sec
(4.5-7.2 kpa/sec), tenperatures from 22 to 100°C and | east princi pal
stresses from14.5 (atnospheric pressure) to 2000 psi (0.1 to 13.8 MPa).
These ranges of pressures and tenperatures were chosen since, under
these conditions, rocksalt is pressure sensitive and prone to macroscopic
failure. Table | is a matrix of experiments illustrating the specific
sets of experinental conditions covered. The test/sanple notation used
in Table | and throughout this report consists of the follow ng: done,
drilihole nunber/depth in feet (meters)/test type (C- conpression, E-
ext ensi on).

Test Data

The reader should note that the data presented in this report, and
that referred to fromearlier studies, havenot been segregated by doma
site. This procedure appeared justified because the scatter in the results
of sanples fromdifferent |ocations was within that observed for sanples
fromthe same | ocation deformed under identical conditions.

The experinmental data curves are presented in Figures 1 through 7.
Exampl e plots of deviatoric stress versus time and versus axial strain
are given in Figures 1 and 2A, respectively. The first graph illustrates
the stepped loading path used in this test series. Figures 2B-7 are
plots involving a conbination of differential stress, differential strain
and/or volumetric strain. The graphs have been chosen to exenplify (1)
reproducibility of results (Figure 2), (2) effect of O3 changes in com

pression (Figures 3 and &), (3) effect of Oy and T changes in conpression

17
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(Figure 5), (4) effect of oy changes in extension (Figure 6) and (5) com
parison of conpression and extension at constant o3 and T (Figure 7).

Test data at maxinum differential stresses and the elastic constants are
sumarized in Tables Il and |11, respectively. Six sanples tested did not
reach ultimate strength (see Table Il), and therefore the mximmvalue is
given. The maximumdifferential stresses reported are the absolute peak
stresses attained throughout the stepped | oading history of each sanple.
The maxi num strains correspond directly to the values at the maxm umdif-
ferential stress.

The summary plots in Figures 8-11 illustrate the effects of and T

%
on differential stress and axial strain (i.e., greatest principal strain)
in conpression and extension. As noted on the graphs, nost of the data
points plotted are actual ultimate stresses and axial strains at failure.
The maxi mum data are included for conpl eteness, but are only |ower bounds
on the appropriate ultimate stresses and strains.

The experimental results presented here are consistent in trends
and magnitudes with other published rocksalt data, including two earlier
reports on donal rocksalt?d0  As shown in Figures 8 and 9, rocksalt is
pressure sensitive in the 14,5-2000 psi (0.1-13.8 MPa) range. As ex-
pected, within the range of O3 val ues salt becomes distinctly stronger
with increased least principal stress. Ductility (greatest principa
strain to failure) is also directly related to 03, The effect of tenpera-
ture on strength and ductility is shown in Figures 10 and 11. At atnospheric
pressure, no trend of tenperature dependence on strength is seen, while
ductility increases slightly with tenperature. However, at higher pressures
(500 psi; 3.45 MPa and 1500 psi; 10.3 MPa), strength decreases with in-

creasing tenperature. In conpression, ductility increases with tenperature,
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Test Sanpl e

Test Data at Maximum Deviatoric Stress

Table 11

Drillhole/Depth-Ft (m)/ O3

‘ Test Type psi(MPa)
BC 19A/2581(1786.7)/cC 14.5(0.1)
BM 110A/2688.5(819.4)/c 14.5(0.1)
BM 1103/372h(1135.oyc 14.5(0.1)
BM 110A/2687(819.0)/C 250(1.72)
BM 1104/2692(820.5)/c 1500(10.3)
WH 108/2294(699.2)/c 14.5(0.1)
WH 108/2291(698.3)/cC 500(3.L45)
WH 108/2290(698.0)/C 2000(13.8)
BM 110B/3728(1136.2)/C 14.5(0.1)
BM 110A/2685(818.3)/C 500(3.45)
BM 110B/3723(1134.7)/C 500(3.45)
BM 110A/2683.5(817.9)/c 1500(10.3)
BM 110A/2691(820.2)/E 250(1.72)
BM 107C/2512(765.6)/E 500(3.45)
BM 110B/3726(1135.6)/E 1500(10.3)
BC 19A4/2579(786.0)/E 500(3.45)
BC 19A/2576(785.1)/E 2000(13.8)

rt "Actua uFtirmaie stress val ue

T

22
22
22
22
22

60
60
60

100
100
100
100

22
22
22

60
60

(o) = 03)y
kpsi(MPa)

3.74(25.8)*
2.81(19.L4)*
4,02(27.7)%
6.05(41.7)*
9.54(65.8)*

AW
S23
~\0 M

* %

(el)m (-33 n (el = 63) (e)m
% % % %

3.01 3.12 6.14 -3.24
2.02 3.00 5.02 -3.99
3.10 4,51 7.60 -5.901
7.49 5.56 13.1 -3.62
31.3 18.2 49.5 5.10
4,27 4. 47 8.74 -4, 66
18.8 11.5 30.3 -4.22
23.8 13.0 36.8 2,24
4. 45 5.62 10.1 6.78
23.6 15.2 38.9 6. 77
23.2 14.1 37.3 -5.12
32.4 18.3 50.7 4. 80
3.54 8.67 12,2 -1.59
5.22 9.61 14.8 0.830
6. 27 12.1 18. 4 0.421
3.49 7.29 10. 8 -0.305
6. 65 11.9 18.5 1.46



T2

Test Sanpl e
Drillhole/Depth-Ft(m)/
Test Type

BM110A/2687(819.0)/C
BM 110A/2692(820.5)/C
WH 108/2291(698.3 )/C
WH 108/2290(698.0)/C
BM110A/2685(818.3)/cC
BM110B/3723(113k.7)/C
BM110A/2683.5(817.9)/C
BM1o7c/2512(765.6)/E

4 measured
b cal cul at ed

El astic (Unl oadi ng) Constants

Table 111

93

psi(MPa)
250(1.72),
1500(10.3)
500(3.45)
2000(13.8)
500(3.45)
500(3.45)
1500(10.3)

500(3.k45)

a
4.57(31.5)
5.36(37.0)
5.37(37.0)
5.68(39.2)
4.57(31.5)
4.92(33.9)
4,11(28.3)

4.91(33.9)

Gb

MgsigGPaz
1.80(12.4)

2.05(1k.1)
2.03(14.0)
2.31(15.9)
1.79(12.3)
1.92(13.2)
1.48(10.2)

1.85(12.7)

Kb

Mpsi (GPa)

3.31(22.8)
4.70(32.5)
k.97(3k.3)
3.51(2k.2)
3.46(23.9)
3.73(25.7)
6.23(42.9)
4.81(33.2)
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as has been previously published. Equivalent data for extension are |ess
conplete. The ultimate differential stresses were reached in only two of
four experiments; however, the sanme trend of decreasing strength and in-
creasing ductility with tenperature is suggested. Volumetric strain
nmeasurenents are al so influenced by |east principal stress and tenperature
(see Table I1). Dilatancy at fixed values of principal stress difference
decreases as pressure and/ or tenperature is raised.

As an earlier report® discussed, there are marked differences between
conpression and extension results fromtests at equivalent T and O3 I n
general, the extension sanples are approxinately the sane strengtn, but

reach far |ess greatest principal, differential and volumetric strains at

~ failure than the conpression sanples. These contrasting results are

attributed to distinctly different failure modes. All extension sanples
taken t 0 failure broke suddenly al ong a single extension fracture (i.e.,
a fracture perpendicular to 03); whereas, the conpression specinens tended
to fail nmore stably by the formation of many nmesoscopic (.5-3.0 in;
1.3-7.6 cn shear and extension cracks preceding the |oss of cohesion
on one or more macroscopi ¢ shear fractures. The volunetric strain data
presented here and fromthe two previous studies should prove to be sig-
nificant in the development of a general fracture criterion for rocksalt.
The elastic (unloading) constants obtained in this test series are
presented in Table I11. The Young's moduli and Poisson's ratios fal
within the ranges of values previously published. These experinentally
measured val ues were used to calculate the shear and bulk moduli. By
conbining these data with those from two earlierreport35’6, mean el astic
constants were determned for Bryan Mund, West Hackberry and overal| SER

rocksalt (Table V). The stated value of E is 18 percent higher for \est



Table |1V

Mean El astic Constants®

KC vb c®
Locati on Mbsi (GPa) _ Mpsi (GPa)
Bryan Mound 4.72 (32.6) .33 1.77 (22.2)

West Hackberry — 5.57 (38.4) .30 2.14 (14.8)

Overal | 4.94 (34.1) .32 1.87 (12.9)

& Data fromreferences 5 and 6 and this report.
b Mean of measured val ues.

€ Calculated fromE and v val ues.

4.63 (31.9)
4.64 (32.0)

4.57 (31.5)
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Hackberry than for Bryan Mund. This result may be due to West Hackberry
ssnpl es containing a greater concentration of inpurities (e.g., anhydrite)

than the Bryan Mund materi al

SUMVARY AND CONCLUSIONS

Sevent een quasi-static experiments on rocksalt fromthree SPR sites
have been presented. The test results were reproducible and consistent
with previously published data. The minor variations in sanple grain
sizes and in conposition did not appear to have an effect on strength and
behavior trends. As expected, specimen strength was directly related to
the least principal stress and inversely related to tenperature; further-
nore, pressure and tenperature increases resulted in |arger axial strains
to failure (ductility). Wile strengths in extension and conpression were
simlar, ultimate strains were substantially higher in conpression than

in extension
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Figure 2A
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and BM 1108/372k deformed in conpression at 14.5 psi and 22°c.
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Figure 2C
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Differential stress-volunetric strain curves for sanpl es BC 19A/2581, BM 1104/2688.5 and
BM 110B/372) def ormed in conpression at 14.5psi and 22°.
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Figure 3a: Differential stress-differential strain curves for samples WH 108/2294,WH108/2291 and
WH 108/2290 deforned in conpression at 14.5, 500, 2000 psi and 6o0°c.
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Figure 3B: Differential stress-volunetric strain curves for sanples WH 108/2294, WH 108/2291 and
WH 108/2290 def ormed in conpression at 14.5, 500, 2000 psi and 60°c.
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Figure 3C; Differential strain-volunetric strain curves for sanpl es W4 108/2294, W\ 108/2291 and
WH 108/2290 deformed in conpression at 14.5, 500, 2000 psi and 60°cC.
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Figure bB: Differential stress-volumetric strain curves for sanpl es BM 110B/3728, BM 110B/3723 and
BM 110A/2683.5 deforned in conpression at 145,500, 1500 psi "and’lOO"é.
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Fi gure kc:

25 o EM 11883728 ~C

¥ BM 110B-,3723 /C
b 4 BM 118A/2683.5/C
a0 4
0, Noted on curves, T = 100°C
® 1500 psi
4 45+
3]
S
— 500 psi
7
s 381
o
G4
MH b
[&]
15 i‘
r 14.5 psi
°3 . -‘i‘ S -3 = +—

Vol umetric Strain (%)

Differential strain-volumetric strain curves for sanpl es BM110B/3728, BM 110B/3723 and
BM110A/2683.5 def ormed in conpression at 14.5, 500, 1500 psi and 100°c.
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Differential stress-differential strain curves for sanpl es BM1104/2688.5 and BV 110B/3728
deformed in conpression at 14.5 psi and 22, 100°c; and BM 110A/2692 and BM 110A/2683.5 def or ned

i N compression at 1500 psi and 22, 100°c.

Figure 5A:
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Figure 5B:
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Differential stress-volunetric straincurves for sanpl es BM 110A/2688.5 and BM 110B/3728 de-
formed in compression at 14.5 psi and 22, 100°C; and BM110A/2692 and BM110A/2683.5 def or med

in conmpression at 1500 psi and 22, 100°c.
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Differential stress-differential strain curves for sanpl es BM110A/2691 and BM107c/2512 de-
formed in extension at 250, 500 psi and 22°c.
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Figure 7A:
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Differential stress-differential strain curves for sample WH 108/2291 deformed in conpression
and sc19a/2579 deformed in extension at 500 psi and 60°c.
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Figure 7B: Differential stress-volunetric strain curves for sanple WH 108/2291 def ornmed in conpression
and sc19a/2579 defornmed in extension at 500 psi and 60°c.
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Figure 8: Utimte differential stress-least principal stress plots for
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